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FEASIBILITY OF USING PORTABLE, NONINVASIVE PIPE FLOWMETERS 
AND TIME TOTALIZERS FOR DETERMINING WATER USE

By Donald V. Arvin

ABSTRACT

The feasibility of using noninvasive 
flowmeters for determining water use was 
investigated by attempting, and at some sites 
repeating, instantaneous pipe-flow measure­ 
ments at 45 water-withdrawal sites by use of four 
portable noninvasive pipe flowmeters. The 
flowmeters measure flow in pipes; this flow is 
related to water use. Because actual water use 
can differ from the total flow in the pipe, water use 
is not, in itself, measured by the flowmeters.

The transit-time flowmeter successfully 
measured flow on 81 of 88 measurement 
attempts. The time-of-flight flowmeter successfully 
measured flow on 85 of 93 measurement 
attempts. One reflective-doppler flowmeter suc­ 
cessfully measured flow on 71 of 75 measurement 
attempts. Another type of reflective-doppler 
flowmeter, which required air bubbles or 
paniculate matter in the flow, successfully 
measured flow on 19 of 92 measurement 
attempts. Flows at most water-withdrawal sites 
selected for this study did not include paniculate 
matter.

At 10 site visits where inline flowmeter 
measurements were available for comparison and 
where three of the four selected portable 
flowmeters were successful, the transit-time 
flowmeter measurements had a mean log-percent 
difference from the inline measurements of 2.8 
and a standard deviation of 3.7. The time-of-flight 
flowmeter measurements had a mean log-percent 
difference of 7.5 and a standard deviation of 7.6. 
The reflective-doppler flowmeter measurements 
had a mean log-percent difference of -14 and a 
standard deviation of 18.

The feasibility of using time totalizers for 
determining water use was investigated by 
observing seven vibration time totalizers (VTT's) 
mounted at five sites. None of the units exhibited 
adverse effects from the heat, precipitation, or 
humidity associated with Indiana summers. One 
VTT was mounted at a public water-supply site 
where inductive time-totalizer measurements were

available for comparison. The VTT agreed within 
8 hours of the inductive time totalizer after 
2,340 hours of pump operation. There were no 
mechanical problems with the VTT units used in 
this study.

INTRODUCTION

Water is one of Indiana's most valuable 
resources. Proper management of that resource 
includes assessment of current and future 
demands. Water-use information is essential to 
the proper management of water resources. For 
water-use information to be of assistance to 
managers, effective methods of determining the 
amounts of water withdrawn from surface- and 
ground-water sources need to be developed.

Water-use information estimated by 
previous methods may no longer be adequate for 
efficient management of the resource. For 
example, by estimating the number of cattle in a 
county, then multiplying that population by a 
coefficient, one could estimate the amount of 
water used for livestock. With increasing 
demands on water resources, such estimates 
may result in margins of error that are 
unsatisfactory. Requiring all users to install and 
maintain inline water meters would result in 
more accurate water-use data, but the expense 
incurred by the installation and maintenance of 
these devices may be, in many cases, too 
burdensome to be practical.

Alternative methods have been developed to 
determine water withdrawals by use of portable, 
noninvasive pipe flowmeters to measure flow 
rates, and running-time totalizers, relatively 
inexpensive devices, to monitor accumulative 
running time of a pump. At withdrawal sites 
where flow rates do not fluctuate substantially, 
knowing the flow rate and accumulative 
running time of the pump provides a method 
with which to determine water withdrawals at a 
relatively small cost. A study was conducted by 
the U.S. Geological Survey (USGS), in coopera­ 
tion with the Indiana Department of Natural 
Resources (IDNR), Division of Water, to
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investigate the utility of these alternative 
methods of determining water use under field 
conditions.

Purpose and Scope

This report describes the feasibility of 
obtaining instantaneous flow measurements 
with four portable flowmeters at a variety of 
water-withdrawal sites, compares the success of 
the flowmeters in obtaining instantaneous flow 
measurements at those sites, and compares the 
measured rates of flow obtained by each of the 
flowmeters. Because manufacturers' testing 
conditions and resulting accuracies are not 
always directly transferable to unique field 
conditions (Controlotron, written commun., 
1989), whenever possible, instantaneous flow 
measurements were compared with available 
site information, such as recent pump-test 
results or inline-flowmeter measurements. It 
was not within the scope of this study to 
establish the accuracy of the available inline 
flowmeters, or to determine if the accuracy of 
the inline flowmeters had decreased because of 
wear since the time of installation. This report 
also describes the use of running-time totalizers 
under field conditions. A discussion of potential 
advantages or disadvantages of each flowmeter 
in terms of future use as a survey-oriented 
water-withdrawal measuring device, based on 
field observations, is also presented.

There is no intent in this report to imply 
that the four selected noninvasive flowmeters 
used in this study represent the "best" available 
devices on the market. Beyond those used in this 
investigation, many other portable pipe flow- 
meters are available commercially. Because of 
financial limitations, however, it was not 
possible to include all available flowmeters in 
this study. There is no intent to identify the 
"best" portable flowmeter of the four used in this 
study.

Previous Studies

Measurement of pipe flow in association 
with water-use determinations has been 
discussed in previously published reports. 
Luckey and others (1980) investigated the 
suitability of a propeller-type gated-pipe meter, 
a reflective-doppler flowmeter, and a transit- 
time flowmeter for use in obtaining flow

measurements on large irrigation systems. 
Marella and Singleton (1988) described the use 
of invasive and noninvasive pipe flowmeters in 
the collection of water-use data.

For the study described in this report, 
pipe-flow measurements were made during 
March through September 1989 at 45 sites by 
use of four selected types of portable, 
noninvasive pipe flowmeters. These flowmeters 
were (1) the Uniflow1 transit-time flowmeter 
manufactured by Controlotron; (2) the Cross 
Correlation Flowmeter, a time-of-flight 
instrument, developed under contract for the 
U.S. Geological Survey Hydrologic 
Instrumentation Facility (HIF) at Stennis Space 
Center, Miss.; (3) the Hydra reflective-doppler 
flowmeter manufactured by Polysonics; and (4) 
the Spectra Fourier Flowmeter (another 
reflective-doppler device), also manufactured by 
Controlotron.

When selecting the four portable flow- 
meters used in this study, there was an attempt 
to select flowmeters that operated on different 
principles and had the potential to operate 
effectively under different conditions. The 
Uniflow meter is designed for measuring 
nonturbulent flows, such as those often found 10 
to 15 pipe diameters downstream from elbows or 
pipe seams. The Cross Correlation Flowmeter is 
designed to measure turbulent flows, such as 
those found in straight pipes with high velocity 
flows or just downstream of elbows or pipe 
seams. The Hydra is primarily designed for 
measurement of fluids containing particulate 
matter or air bubbles, but also may be effective, 
according to the manufacturer, in some 
nonparticulate turbulent situations. The 
Spectra Fourier Flowmeter is designed for fluids 
containing particulate matter or air bubbles.

The Uniflow (fig. 1) and Spectra (fig. 2) 
flowmeters were selected for the study because 
they are available on the U.S. General Services 
Administration (GSA) supply schedule. When 
purchasing equipment, Federal agencies are 
required to select items from this schedule 
unless it can be shown that the items on the 
schedule are incapable of performing the

1 The use of brand names in this report is for 
identification purposes only, and does not imply 
endorsement by the U.S. Geological Survey or the 
Indiana Department of Natural Resources.
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Figure 1. Uniflow transit-time fiowmeter and transducers mounted in direct mode on 6-inch
outside-diameter steel irrigation pipe.

Figure 2. Spectra Fourier Flowmeter and transducers mounted on 
6-inch outside-diameter steel irrigation pipe.
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specific task for which the equipment is 
procured. The Cross Correlation Flowmeter 
(fig. 3) was obtained because it represented the 
only instrument of its type available. Although 
the flowmeter can be used in many situations, it 
is specifically designed to measure flows in 
turbulent situations. The development of this 
instrument was so recent that, at the time of 
this study, only five prototypes had been 
constructed. The Cross Correlation Flowmeter 
has since been made available commercially. 
The Hydra (fig. 4) was included in the study 
soon after data collection began when it became 
clear that the Spectra was not well-suited for 
most nonparticulate-flow situations.
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PORTABLE, NONINVASIVE PIPE 
FLOWMETERS

Description

A portable, noninvasive pipe flowmeter is 
an instrument that can measure the flow of a 
fluid through a pipe without having to come into 
direct contact with the fluid. The term 
"portable" means that the instrument can be 
easily carried to the measurement site and 
precludes the need for electrical outlets or 
generators.

The four flowmeters used in this study 
operate by sending and receiving ultrasonic 
signals through the pipe at the point of 
measurement. How each meter uses the 
ultrasonic signals to determine fluid velocity is 
described in the following sections. By

incorporating site-specific information provided 
by the instrument operator and the velocity 
reading generated by the ultrasonic-signal 
processor, a flow rate is determined by the 
flowmeter.

Principles of Operation

For each of the four selected flowmeters, 
one or two pairs of ultrasonic signal-sending and 
receiving crystals, called transducers, were 
attached to the pipe walls to enable the 
ultrasonic signal to pass through the pipe wall 
and fluid. Transducers were clamped to the pipe 
walls with custom mounting brackets. The 
Spectra transducer assembly can be mounted to 
the pipe or held to the pipe by hand (fig. 5).

A successful pipe-flow measurement using 
an ultrasonic pipe flowmeter requires the 
mounting of transducers at a location where the 
pipe is flowing full and where the ultrasonic 
signal can be transferred through the pipe 
materials. For the signal to be transferred 
through steel, PVC, ductile iron, polyethylene 
pipes, and mortar liners, it is important that no 
air gaps be present in the path of the signal. Air 
gaps can form where paint on a pipe surface is 
blistered or where the pipe contains a sleeve.

The transfer of the ultrasonic signal from 
the transducer surface to the pipe wall, and vice 
versa, can be improved by applying a grease or a 
gel-like material called couplant to the contact 
face of the transducer prior to mounting (fig. 6). 
Also, to ensure successful transfer of the signal 
to the pipe wall, blistered paint and rust are 
removed from the pipe wall with a steel brush or 
bastard file. It is usually unnecessary to remove 
smooth coats of paint from pipe surfaces.

The amount of exposed pipe required to 
mount portable flowmeter transducers depends 
on the specific type of technology employed. The 
proximity of a pipe-flow measuring section to a 
turbulence-causing structure, such as a valve or 
elbow, also depends on the type of portable 
flowmeter being used.

Transit-Time Flowmeter

When using a transit-time flowmeter, a 
single pair of transducers are attached to the 
pipe walls. One transducer is mounted at an 
upstream location, the other at a downstream
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Figure 3. Cross Correlation Flowmeter and transducers mounted on 
6-inch outside-diameter steel irrigation pipe.

Figure 4. Hydra reflective-doppler flowmeter and transducers mounted on 
6-inch outside-diameter steel irrigation pipe.
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Figure 5. Spectra Fourier Flowmeter transducers being hand held to pipe during pipe-flow measurement.

Figure 6. Silicon grease being applied as couplant to surface of transducer.
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location. Each transducer acts as both a signal 
sender and receiver. The flow rate is determined 
by transmitting an ultrasonic signal alternately 
upstream and downstream. Because of the 
effects of flow, the signal slows when traveling 
upstream and speeds up when traveling 
downstream. The time difference between these 
signals is proportional to the rate of flow. This 
basic principle was documented in 1708 by 
William Derham, who observed that the 
transmission of sound in air depends on wind 
velocity (Jenny and others, 1987).

For a transit-time flowmeter to work 
effectively, it is necessary to mount the 
transducers at a location where flow 
disturbances are minimal. A straight piece of 
pipe 10 to 15 pipe diameters downstream from 
an elbow would be a typical measurement 
location. Fluids that contain more than 
20-percent air bubbles may produce incorrect, 
high readings (Controlotron Corporation, 
written commun., 1988) because of the 
increased length of time required for the signal 
to travel from one transducer to the other. The 
Uniflow transit-time flowmeter used in this 
study warned the operator when excessive 
aeration or turbulent conditions were present.

Depending on site conditions, transducers 
are mounted in one of two ways. In the direct 
mode, also called the Z method, the upstream 
transducer is placed on the opposite side of the 
pipe from the downstream transducer. Rapid 
pulses of ultrasonic signal are transmitted from 
one transducer through the pipe wall, through 
the fluid, and through the other pipe wall to the 
receiving transducer. This process is then 
reversed. In the reflect mode, also called the 
V method, the upstream and downstream 
transducers are mounted on the same side of the 
pipe. Rapid pulses of ultrasonic signal are 
transmitted from one transducer through the 
pipe wall, through the fluid, reflected off the far 
wall, back through the fluid, and through the 
pipe wall to the receiving transducer. This 
process is then reversed.

Flow determinations by a transit-time 
flowmeter depend on known or calculated 
velocities of the ultrasonic signal through 
materials found at the measurement site. 
Certain information describing the measure­ 
ment site needs to be entered into the in­ 
strument's computer processor. In operating the

transit-time flowmeter used in this study, the 
required information is entered by pressing keys 
on the hand-held unit connected to the 
processor. The required information includes 
the outside diameter of the pipe, the pipe-wall 
thickness, the pipe material, the thickness and 
makeup of the liner if one is present, and the 
type of fluid. The Unifow flowmeter processes 
this information along with fluid and 
pipe-material properties available in its perma­ 
nent memory, such as the velocity of the 
ultrasonic signal through specific materials. 
The flowmeter informs the operator where the 
transducers should be inserted into the 
mounting brackets, producing a signal path of 
known length. The flowmeter reports flows in 
gallons per minute. Although transit-time 
flowmeters have been available for many years, 
only recent developments in microcircuitry have 
allowed manufacturers to place the required 
elements of large memory storage and high­ 
speed computations in such a light, compact, 
portable package.

Cross Correlation Flowmeter

The Cross Correlation Flowmeter 
determines flow by use of the principle of 
operation known as time of flight. The 
instrument measures the time it takes a fluid to 
move from one position in the pipe to a second 
position downstream (E.H. Cordes, U.S. 
Geological Survey, written commun., 1989).

When using a Cross Correlation Flowmeter, 
there must be disturbances in the pipe flow. 
Disturbances, such as turbulent eddies, shear 
waves, or slippage planes, generally are found 
downstream from an elbow, pipe seam, or 
flange, or where flow velocities are rapid enough 
to create turbulence within straight sections of 
pipe. Two pairs of transducers are used; one pair 
is mounted on opposite sides of the pipe from 
each other at an upstream location, and the 
second pair is similarly mounted a short 
distance downstream, typically 1 to 3 pipe 
diameters. As the ultrasonic signal passes 
through the pipe cross section where the 
upstream transducers are located, flow 
disturbances modulate the phase and amplitude 
of the signal (Cordes, 1989, p. 6). Modulations in 
signal also are identified at the location where 
the downstream transducers are mounted. The 
modulation in signal allows for characterization
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of fluid signatures. Through correlation 
analysis, by use of a real-time digital recognition 
system, the Cross Correlation Flowmeter 
searches for these fluid signatures. The time 
between signature identification at the 
upstream location and signature identification 
at the downstream location is measured. The 
fluid velocity is the distance between the 
transducers divided by this measured time. 
Although the degree of disturbance in the flow 
does not affect the measured discharge, either a 
lack of disturbance or too violent a disturbance 
may result in the inability of the flowmeter to 
perform a successful signature correlation, 
which results in a failed measurement attempt.

Information required by the Cross 
Correlation Flowmeter includes pipe cir­ 
cumference, pipe-wall thickness, and the dis­ 
tance between the upstream and downstream 
transducer pairs. The instrument operator 
enters the information through a prepro­ 
grammed calculator connected to the computer 
unit. On a digital display, the flowmeter reports 
velocity in feet per second and flow in gallons 
per minute and cubic feet per second.

Reflective-Doppler Flowmeter

The operation of reflective-doppler 
flowmeters is based on the concept established 
by Christian Doppler in 1843 (Polysonics, 1986, 
p. 2). The concept proposes that there is an 
apparent change in frequency of energy waves, 
such as sound or ultrasound, as a function of 
motion. In using a reflective-doppler flow- 
meter, a continuous, ultrasonic signal is 
transmitted from a stationary transducer 
through the pipe wall and into the flowing fluid. 
Discontinuities in the fluid, such as sediment or 
air bubbles, or, in some cases, disturbances in 
the stream, reflect the ultrasonic signal. A 
receiving transducer detects the frequency 
shifts of the reflected signal. These frequency 
shifts are processed to determine the velocity of 
the fluid.

Two reflective-doppler flowmeters, the 
Hydra and the Spectra Fourier Flowmeter, were 
used in this study. Although the two flowmeters 
operate on the same basic principle, the signal- 
processing techniques are somewhat different. 
The only site-specific information the operator

needed to know when using reflective-doppler 
flowmeters was the inside diameter of the pipe.

The Hydra flowmeter utilizes a dual-head 
transducer. For pipes smaller than 24 in. in 
diameter, the transducer heads are mounted on 
opposite sides of the pipe. For larger pipes, or in 
situations where weak or erratic signals exist, 
the transducers are mounted on the same side of 
the pipe, within 2 to 6 in. of each other. The 
velocity measurement is indicated by a pointer 
on a circular dial. In the absence of particulates 
or air bubbles, the Hydra signal processor 
utilizes frequency shifts produced by shears 
that occur in turbulent flow. The type of 
turbulence formed by partly opened valves, 
Venturis, and orifice plates should be avoided 
because the signals produced may be included 
erroneously in the flow-calculation process. 
Flow disturbances caused by fully opened 
valves, elbows, and flanged connections may 
provide conditions where proper ultrasonic 
signal frequency shifts occur so that successful 
flow-rate determinations can be made 
(Polysonics, 1986, p. 8).

The Spectra Fourier Flowmeter uses a 
single transducer assembly. Both the sending 
and receiving transducers are joined in a unit 
that can be held to the pipe surface by hand or 
mounted to the pipe with a spring and light 
chain. Information reported by the Spectra 
includes both graphic and digital displays. The 
availability of these displays, along with 
signal-processing and noise-filter enhance­ 
ments, assist the user in removing nonflow- 
related noise signals, such as vibration and 
radio-frequency interference. These enhance­ 
ments distinguish the operation of the Spectra 
from other reflective-doppler flowmeters 
(Controlotron, 1989, p. 5-40). A signal-strength 
readout on the Spectra is available to assist the 
user in determining the reliability of a 
measurement.

During this study, sufficient signal 
strengths were obtained where particulate- 
containing water was being pumped and at sites 
where air bubbles were present in the fluid, as 
in the case of submersible irrigation pumps set 
in shallow sand wells where cavitation occurred 
(see table 4, site index numbers 21 and 22, at the 
end of this report). At sites where particulate 
matter and air bubbles were absent from the
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flow, attempts were made to mount the 
transducer assembly near elbows of valves 
where microcavitation might occur. These 
attempts met with very limited success.

Data Collection and Analysis 

Measurement Procedures

Pipe-flow measurement sites were selected 
to expose the four selected portable flowmeters 
to a variety of flow conditions. Sites were 
selected nonrandomly from the IDNR 
water-withdrawal data base. The data base 
includes all facilities in Indiana capable of 
withdrawing at least 100,000 gal/d. Managers of 
the selected water-withdrawal sites were 
contacted prior to actual site visits, and 
permission to attempt flow measurements was 
acquired. Whereas pipe diameters and pipe-wall 
thicknesses were measured by the field 
investigator, site managers provided other 
important information about the facility, such 
as the types and arrangement of pumps, the 
location of valves within the system, and the 
existence of pipe liners.

Whenever possible, each flowmeter was 
used in the manner suggested by the 
manufacturer to optimize the instrument's 
performance capabilities. For instance, at a 
single site, the Uniflow transit-time flowmeter 
transducers were mounted 15 pipe diameters 
downstream from an elbow in an attempt to 
avoid flow turbulence, whereas the Cross 
Correlation Flowmeter transducers were 
mounted only 3 pipe diameters downstream 
from the elbow in an attempt to utilize available 
flow turbulence. Typical of field situations, it 
was not possible to find ideal conditions for each 
flowmeter at all facilities. For flowmeters to be 
truly beneficial tools in improving or 
maintaining a water-withdrawal data base, the 
instruments must be able to perform under all 
sorts of adverse conditions. Flow-measurement 
attempts were made by each flowmeter at each 
site on each visit by using the best conditions 
available.

Each of the four noninvasive flowmeters 
used in this study assimilates signal data and 
calculates flow values in a different way. A 
method for determining a measured flow rate

was developed for each meter and was used 
throughout the study period.

The Uniflow transit-time flowmeter offers 
many measurement-calculation and display 
options. The flowmeter can display digital 
values and graphs that represent instantaneous 
real-time flow and moving-mean flows of 
specified lengths of time. For this study, the 
Uniflow was set to display a 25-second mean 
flow every few seconds. The displayed values 
were observed for 1 minute. The mode of the 
values was recorded onto a note sheet along 
with the maximum and minimum flow values 
that occurred during the 1-minute period. The 
upstream and downstream transducers then 
were mounted in reverse locations according to 
the measurement procedures recommended by 
the manufacturer (James Robertson, Controlo- 
tron, oral commun., 1989), and a negative flow 
reading was taken. Flow values were recorded 
on the note sheet in the manner previously 
stated. The final measurement value was 
determined as the mean of the absolute values 
of the positive and negative modes.

When using the Cross Correlation 
Flowmeter, a measured flow value appears on a 
digital display panel after a successful 
correlation analysis. When performing flow 
calculations, outlying values are eliminated, 
and a limited number of values obtained earlier 
in the measurement attempt are incorporated in 
the statistical process. Thus, the displayed 
value is a smoothed running average of flow. 
The flow values are displayed every few seconds 
for at least 1 minute and recorded on the note 
sheet. The mode of the recorded values was 
assigned to be the measured flow.

The Hydra reflective-doppler flowmeter 
displays velocity with a circular dial and 
pointer. Fluctuations in the velocity display are 
smoothed by a dampening mechanism 
controlled, in part, by the operator. When the 
velocity display stabilizes, the velocity and 
pipe-size information are used to determine 
flow.

The Spectra Fourier Flowmeter has a 
digital display. Independent mean flows are 
displayed every few seconds. The instrument 
operator observes the digital readout and 
records flow measurements on the note sheet.

PORTABLE, NONINVASIVE PIPE FLOWMETERS 9



The instrument offers options for displaying 
various types of diagnostic information, 
including signal strength and noise reduction. 
Every attempt was made to use these options 
according to the manufacturer's guidelines to 
obtain the best possible flow measurements. 
When the displayed flow rate stabilized at 
optimum signal strengths, that rate was 
determined to be the measured flow.

For all of the selected noninvasive 
flowmeters, a successful measurement was not 
always achieved on the first setup (the first time 
the transducers were mounted to the pipe). At 
sites where a flowmeter had difficulty producing 
a measured flow value, the transducers were 
moved and remounted, in some cases, up to a 
dozen times, to ensure that there was ample 
opportunity to achieve a successful measure­ 
ment with each flowmeter.

Throughout the study, pipe-dimension 
measurements were made in a consistent 
manner. Pipe-wall thickness was measured 
during each site visit with a Tokyo Keiki 
ultrasonic thickness gage. Outside pipe 
circumference was determined by use of a thin,

flexible, metal tape. A Pioneer Digital 
Phototachometer was available for measuring 
revolutions per minute (rpm) of motor or engine 
drive shafts (fig. 7). Although pipe dimensions 
were needed to compute pipe flow, the rpm 
readings were used only as a potential reference 
for changes in flow rates. None of the flowmeters 
used in this study use rpm readings in flow 
computations.

Comparison of Measurement Results

A primary objective of this study was to 
determine the success of selected portable, 
noninvasive pipe flowmeters in obtaining flow 
measurements at withdrawal sites under a 
variety of field conditions. The overall success of 
the four selected flowmeters is summarized in 
table 1.

For a measurement to be considered 
successful in this study, a flowmeter simply 
needed to report a "reasonable" flow rate. At 
sites where flow rates were unknown, a 
reasonable flow rate was determined on the 
basis of pump size and flow conditions. For 
example, a flow measurement of 19 gal/min from

Figure 7. Digital phototachometer used to determine revolutions per minute 
of electric-turbine-pump drive shaft.
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Table \. Number of attempted, succeeded, and failed flow measurements by four selected noninvasive
flowmeters

Flowmeter

Number of Number of
times times

attempted1 succeeded

Number of times failed

Could not Mechanical Total of 
Failed2 mount failure failures

Uniflow 88

Cross Correlation
Flowmeter 93

Hydra 75

Spectra Fourier
Flowmeter 92

81

85

71

19

8

3

72

8

4

73

1 ATTEMPT is defined as a single site visit. Single or multiple tries during one site visit resulted in 
a succeed or a fail for each flowmeter.

2 FAIL indicates the flowmeter reported an unreasonable flow reading or no reading at all.

an irrigation pump rated at 300 gal/min, when 
large amounts of water could be seen coming 
from the irrigation sprinklers, would not be 
considered a reasonable measured flow rate. 
The inability of a flowmeter to determine a 
measured value would also be considered a 
failed attempt.

Of the 88 measurement attempts using the 
Uniflow transit-time flowmeter, 81 were 
successful. Of the seven failed measurement 
attempts, five were due to a lack of exposed pipe 
length for mounting the transducers (see table 
4, site index numbers 13, 33, 37, and 41), one 
was due to an apparent inability to transduce 
ultrasound successfully through the flow system 
(site index number 20), and one was due to a 
constantly changing flow rate coupled with brief 
and intermittent pump operating times during 
measurement initiation (site index number 40).

Of the 93 measurement attempts using the 
Cross Correlation Flowmeter, 85 were success­ 
ful. Of the eight failed attempts, three were due 
to the apparent inability to transduce ultra­ 
sound through the flow system (site index 
numbers 7, 8, and 20), three were due to an 
apparent inability to cope with "noise" in the

flow system (site index numbers 27 and 28), one 
was due to variable and intermittent flow 
conditions (site index number 33), and one was 
due to an apparent lack of turbulence in the flow 
system (site index number 11).

Of the 75 measurement attempts using the 
Hydra reflective-doppler flowmeter, 71 were 
successful. Of the four failed attempts, one 
failure was due to an apparent inability to 
transduce ultrasound successfully through the 
flow system (site index number 20), one was due 
to an apparent inability to cope with "noise" in 
the flow system (site index number 27), one was 
due to variable and intermittent flow conditions 
(site index number 33), and one was due to 
mechanical failure (site index number 11).

Of the 92 measurement attempts using the 
Spectra Fourier Flowmeter (a reflective-doppler 
device), 19 were successful. The Spectra Fourier 
Flowmeter is not well-suited to measure flows of 
water that lack air bubbles or particulates. 
Because a large number of the sites in this study 
involved "clean" ground-water withdrawals, this 
resulted in a large number of failures by the 
Spectra.

PORTABLE, NONINVASIVE PIPE FLOWMETERS 11
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Figure 8. Relation of noninvasive flow measurements by (A) Uniflow flowmeter, (B) Cross Correlation 
Flowmeter, and (C) Hydra flowmeter to inline flow measurements.

At some flow-measurement sites, inline 
flowmeter measurements were available for 
comparison. A comparison of noninvasive and 
inline flow measurements is shown in figure 8. 
No measurements were obtained with the 
Spectra at any sites where inline flow measure­ 
ments were available; therefore, no comparison 
of Spectra and inline measurements was made. 
It was not within the scope of this study to 
establish the accuracy of these inline 
flowmeters.

A comparison of the Uniflow, Cross 
Correlation Flowmeter, and Hydra measure­ 
ments to inline measurements is provided in 
table 2. Values are shown only for sites where 
all three of the noninvasive flowmeters were 
successful. The table includes the means of flow 
measurements obtained during each visit by 
each flowmeter. One relation of the noninvasive 
flow measurement to the inline flowmeter 
measurement can be described as the log- 
percent difference in which the natural log of 
the ratio of noninvasive to inline flow 
measurement is multiplied by 100 (Tornqvist 
and others, 1985):

log (noninvasive flow measurement/inline flow 
measurement) X 100.

One advantage of comparing measurements in 
this manner is that the magnitude of the 
difference does not change whether the 
noninvasive flow measurement is compared to 
the inline flow measurement, or whether the 
inline flow measurement is compared to the 
noninvasive flow measurement. By reversing

the numerator and the denominator, only the 
sign of the difference changes.

The Uniflow measurements agreed most 
closely with inline measurements. For the 
Uniflow, the mean log-percent difference was 
2.8, with a standard deviation of 3.7 (table 2). 
The Cross Correlation Flowmeter had a mean 
log-percent difference of 7.5, with a standard 
deviation of 7.6. The Hydra had a mean log- 
percent difference of -14, with a standard 
deviation of 17.7.

Comparisons of mean measurements made 
using each of the four selected noninvasive 
flowmeters are shown in figures 9 to 12. On the 
basis of these graphic comparisons, the Uniflow 
measurements and Cross Correlation Flow- 
meter measurements agreed most closely with 
each other throughout the wide range of flows. 
Mean measurements were determined on the 
basis of successful measurements obtained from 
each flowmeter during each site visit. In table 3 
at the end of the report, all flow measurements 
obtained during the study period are listed; 
however, many of the measured values are 
excluded from figures 9 to 12. More than one 
ultrasonic flowmeter cannot be operated 
simultaneously on the same pipe because of 
potential signal interference. Comparison of 
measured flows was made at sites where flow 
rates were stable through time. Sites with large 
fluctuations in flow rates during short periods of 
time were not included in figures 9 to 12. For 
instance, where ground water was delivered to 
chillers for temperature control of a large 
commercial building (site index number 18,

12 PORTABLE, NONINVASIVE PIPE FLOWMETERS AND TIME TOTALIZERS FOR DETERMINING WATER USE
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table 4), flow varied erratically, depending on 
the demands of the cooling equipment. Because 
flow measurements could not be made 
simultaneously, the difference in measured 
flows reflected the change in flow as well as the 
change in pipe-flowmeter instrumentation. 
Also, some values were not included in figures 9 
to 12 because the measurements were per­ 
formed for the purpose of demonstration or 
training, and the author could not be certain 
that the methodologies used throughout the 
remainder of the study were strictly adhered to 
during those particular measurements. Flow 
measurements excluded from figures 9 to 12 are 
indicated in table 3.

Each pumping facility presented a unique 
combination of pipe configurations and flow 
conditions. Site descriptions and associated 
flowmeter measurements are shown in table 4 
at the end of the report.

TIME TOTALIZERS

At facilities where pumping rates do not 
fluctuate significantly, estimates of water 
withdrawals can be determined by multiplying 
pumping rates by the time of pump operation. 
Methods available for determining the time of 
pump operation vary from one type of facility to 
another. At sites where pumps are turned on 
and off manually, operation times can be 
written into a log book. At sites where pumps 
are powered by electricity, diesel fuel, gasoline, 
liquid petroleum gas, and so forth, pump 
running time can be determined as a function of

energy consumption (Hurr and Litke, 1989, 
p. 4). Many engines also have cumulative 
counters that record hours of running time 
(fig. 13). For electric pumps, time totalizers are 
available for installation within the electric 
current loop and are activated when the current 
passes through the time totalizer to the pump 
motor.

Two instruments have been developed 
recently at the U.S. Geological Survey, 
Hydrologic Instrumentation Facility that can 
provide an accurate and inexpensive method of 
determining running time of pumps. These 
instruments are the inductive time totalizer 
(ITT) and the vibration time totalizer (VTT).

The ITT is designed to monitor the running 
time of pumps and other equipment that are 
powered by electricity. It is a 2.2-in. by 3.8-in. 
box-shaped, battery-powered instrument that 
has a digital display of running time, precise to 
0.01 hour (36 seconds). The batteries are 
replaceable. Basically, the flow of electric 
current to a pump is "sensed" inductively by 
wrapping a wire (connected to the ITT) around a 
lead wire that acts as a conductor to or from the 
pump (U.S. Geological Survey, Hydrologic 
Instrumentation Facility, written commun., 
1989). Because the ITT senses current 
inductively and is not connected directly inline, 
the instrument generally is not subject to failure 
caused by power surges or lightning strikes. In 
this study, no ITTs were field tested.

The VTT is used to monitor the running 
time of pumps and other equipment and is

TIME TOTALIZERS 15



Figure 13. Gages on diesel engine that indicate revolutions per minute and running-time measurements.

activated by vibration. Earlier models of this 
instrument met with limited success; however, 
the most recent version appears to be accurate 
and reliable. The 2.5-in. by 5-in. box-shaped, 
battery-powered unit has a digital display that 
indicates running time to 0.01 hour. Properly 
charged, replaceable batteries can keep the unit 
in operation for many months.

The VTT is mounted at a location where 
vibration occurs when the pump is in operation. 
The VTT is capable of sensing vibration 
throughout a broad range of frequencies. The 
threshold level is achieved, and the cumulative- 
time unit is activated when vibration occurs in 
the frequency range of 20 to 2,000 hertz and the 
sustained acceleration is 0.5 gravity or more 
(Cordes and Minghua, 1988, p. 4). Although the 
VTT can be mounted to the pump, in many 
instances there is enough vibration found on the 
pipe carrying the flow of water. The unit can be 
mounted with glue, bolts, or tape, but the 
simplest method of installing the VTT is to 
clamp the unit onto the pipe with banding.

For this study, VTTs were mounted at five 
sites. At one public water supply (site index 
number 17, table 4), a VTT was banded to a 6-in. 
outside-diameter horizontal pipe about 2 ft

downstream from an electric-turbine pump. The 
pump was operated intermittently. The VTT 
was activated by the vibration created by water 
flowing through the pipe. The facility had a 
permanent inductive time totalizer available for 
cumulative-time comparisons. The inductive 
time totalizer was housed in a protective 
shelter, whereas the VTT was exposed to the 
elements. The inductive time totalizer logged 
2,340 hours of pump running time between 
May 16,1989, and September 27,1989, whereas 
the VTT logged 2,332 hours during that same 
period. The VTT operated without failure or 
need of maintenance.

At a sand-and-gravel mining operation (site 
index numbers 14 and 15, table 4), a sump pit is 
dewatered by means of two electric submersible 
pumps. Water is pushed from each of the pumps 
through a 4-in. outside-diameter wire-rein­ 
forced flexible canvas hose. The VTT's were 
banded to the canvas hoses within about 10 ft of 
the pumps, just downstream from a bend in the 
hoses. The units logged running time of their 
respective pumps with no apparent problems. 
When a VTT was banded to one of the hoses 50 ft 
farther downstream, the level of vibration was 
less than the activation threshold, and no 
running time was logged by the unit.
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At an irrigation site (site index number 22, 
table 4), an electric submersible pump rated at 
300 gal/min pumps water from a shallow sand 
well through a 6-in. steel pipe to a center-pivot 
irrigation system. Just above the pump, the pipe 
rises from the ground and travels horizontally 
about 10 ft, then bends downward and is again 
buried. The pipe travels underground about 
150 ft, then rises near the center-pivot system. 
One VTT, described as the west VTT, was 
clamped onto the exposed horizontal pipe near 
the pump about 4 ft downstream from a 
90-degree elbow. A second VTT, described as the 
east VTT, was clamped to the exposed 
horizontal pipe near the center pivot, about 1 ft 
downstream from a 90-degree elbow.

During installation of the two VIST's on 
July 6,1989, the instrument operator noted that 
more vibration could be felt by hand at the west 
location than the east location. Upon the first 
inspection on July 8, both units logged similar 
running times. During an inspection on 
August 7, the west VTT was actively logging the 
operation of the pump, whereas the east VTT 
was not. By tapping the pipe near the east VTT 
with a screwdriver handle for more than 
36 seconds, the east VTT was activated. This 
indicated that the unit did not fail. Rather, it 
indicated that, although the activation thresh­ 
old was exceeded at both locations at the time of 
installation, the level of vibration at the east 
VTT had subsequently become less than the 
threshold. During an inspection on August 16, 
both VTT's were again actively logging the 
running time of the pump.

At the remaining sites where VTT's were 
mounted, there was no method available for 
comparing logged running times with other 
known running times. There were no 
mechanical failures with the seven VTT's 
mounted at the five sites.

On the basis of the performance of the 
VTT's installed at field sites for this study, the 
instrument appears capable of providing site 
owners with a means of determining the 
running times of pumps, provided they are 
installed in a location with sufficient vibration 
to activate them. The units appear unaffected by 
the heat, precipitation, and humidity associated 
with Indiana summers.

APPLICATION OF PORTABLE, 
NONINVASIVE PIPE 
FLOWMETERS AND TIME 
TOTALIZERS IN THE COLLECTION 
OF WATER-USE DATA

Portable, noninvasive pipe flowmeters and 
time totalizers have numerous potential 
applications. Although many site managers 
make a conscientious effort to report their very 
best estimates of withdrawals to IDNR, many 
are hampered in their effort simply because 
they do not know their actual pumping rate. 
Although site managers may see the benefits of 
knowing the actual amounts of water with­ 
drawn for their fish ponds or corn crop, some 
may not see immediate economic benefits in the 
installation of inline flowmeters. With portable, 
noninvasive flowmeters, pumping rates can be 
determined at many sites without the me­ 
chanical disruption associated with con­ 
ventional pump tests.

At sites where pumping rates do not vary 
significantly and perhaps, also, at sites where 
pumping rates vary in a predictable manner, 
time totalizers provide an easy and inexpensive 
way to determine pump running times for use in 
calculating water withdrawals. Instruments of 
this type are particularly useful at sites where 
pumps turn on and off automatically with no set 
time schedule or human interaction.

Although conditions at many water- 
withdrawal sites visited for this study were 
quite conducive to the use of portable flow- 
meters, conditions found at a number of sites 
posed problems. Where pumps are mounted 
flush with a concrete floor and all pipes are 
buried, easy access to exposed pipe may not be 
possible.

The Uniflow flowmeter required the 
greatest length of exposed pipe for mounting the 
transducers. To measure flow in pipes ranging 
from 1.25 to 8 in. in outside diameter, by means 
of standard mounting brackets, at least 16 in. of 
exposed pipe length is necessary. For pipes 
ranging from 6 to 24 in. in diameter, at least 
28 in. of exposed pipe is required. To measure 
flows in 2- to 4-ft-diameter pipes, the standard 
mounting brackets for the Uniflow require at 
least 36 in. of exposed pipe. For some applica-
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tions, shorter mounting brackets may be used 
and can be ordered specially from the 
manufacturer.

Depending on the flow conditions at a given 
site, use of the Cross Correlation Flowmeter 
requires at least one-to-three pipe diameters for 
transducer mounting. A minimum of 8 in. of 
exposed pipe is required. The Spectra and the 
Hydra could be mounted with only about 6 in. of 
pipe length exposed.

At some sites, pipes were wrapped in foam 
or fiber insulation. Because ultrasonic signals 
cannot be successfully transmitted through 
these types of materials, they were removed 
(fig. 14).

Figure 14. Pipe from which insulation has been
removed to allow for mounting of ultrasonic

transducers.

Pipe-flow measurements were less success­ 
ful at sites where pumps force water into 
pressurized tanks (site index number 40, 
table 4). At these types of facilities, when 
pressure in the storage tank becomes less than 
a certain level, the pump is turned on 
automatically. The pump forces water into the 
storage tank until a certain pressure is 
achieved, then the pump automatically turns 
off. As the pump feeds water into the tank, the 
increasing pressure generally causes the water 
to flow at a decreasing rate. Rapid changes in 
flow rate, especially at sites where a pump may 
only run for a few seconds at a time, pose 
difficulties in flowmeter initiation procedures. 
For this study, because the reflective-doppler 
flowmeters required less time for start of 
measurement, there were fewer difficulties in 
situations where rapid changes in flow rate 
occurred.

In pipes where large amounts of scale have 
accumulated on the inner wall, the ultrasonic 
signal may be attenuated, which could prevent a 
successful pipe-flow measurement. This 
condition may be found at many types of 
facilities, including public supplies, limestone 
quarries, and industrial plants. Scale buildup 
was the suspected source of difficulties incurred 
at sites 7, 8, and 20 (table 4).

The amount of time required to obtain a 
measurement is always a consideration when 
budgeting time for data-collection activities. 
The reflective-doppler flowmeter transducers 
could be mounted and operational in less than 
5 minutes. The Uniflow and the Cross 
Correlation Flowmeter generally required about 
10 minutes. The Uniflow generally was 
successful in measuring flow on the first setup. 
The Cross Correlation Flowmeter often was 
successful in measuring flow on the first setup; 
however, remounting the transducers five or six 
times before a measurement attempt was 
successful was not uncommon. Remounting the 
Cross Correlation Flowmeter transducers 
required about 5 minutes.

The time required to make a typical 
pipe-flow measurement with a single non- 
invasive flowmeter was less than 45 minutes. 
This included unloading equipment from a 
vehicle, measuring pipe dimensions, preparing 
the pipe surface and mounting the transducers,
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obtaining a flow measurement, repeating the 
flow measurement, removing transducers, and 
reloading equipment back into the vehicle. This 
time did not include discussions with the site 
manager or searching a large facility for the 
optimum location at which to mount the 
transducers.

SUMMARY AND CONCLUSIONS

This report describes the results of a study 
to determine the feasibility of using portable, 
noninvasive pipe flowmeters and running-time 
totalizers at a variety of water-withdrawal 
facilities. One transit-time, one time-of-flight, 
and two reflective-doppler flowmeters were used 
for the study. Vibration time totalizers were 
installed and observed for the study.

Instantaneous pipe-flow measurements 
were attempted at 45 sites in Indiana. At many 
of these sites, measurement attempts were 
repeated. Of these sites, six had inline flow- 
meters available for comparison of measure­ 
ments. Vibration time totalizers were mounted 
at five sites, with one site having an inductive 
time totalizer available for comparison.

Of the 88 measurement attempts using the 
transit-time flowmeter, 81 were successful. For 
this study, a flow measurement was successful 
when the instrument reported a "reasonable" 
rate of flow. A "reasonable" rate of flow was 
based on pump size and expected flow rates. 
Where inline-flowmeter measurements were 
available for comparison with noninvasive 
flowmeters, the transit-time flowmeter had a 
mean log-percent difference from the inline- 
flowmeter measurements of 2.8 and a standard 
deviation of 3.7. Of the three noninvasive flow- 
meters that succeeded at sites where inline 
flowmeters were located, the transit-time flow- 
meter agreed most closely with the inline-flow- 
meter measurements.

Of the 93 measurement attempts using the 
time-of-flight flowmeter, 85 were successful. 
Where inline measurements were available for 
comparison with the noninvasive flowmeters,

the time-of-flight flowmeter had a mean log- 
percent difference from the inline measure­ 
ments of 7.5, and a standard deviation of 7.6.

Of the 75 measurement attempts using one 
of the two reflective-doppler flowmeters, 71 of 
the attempts were successful. Where inline- 
flowmeter measurements were available for 
comparison with the noninvasive flowmeters, 
the reflective-doppler flowmeter had a mean 
log-percent difference from the inline measure­ 
ments of-14 with a standard deviation of 18.

Of the 92 measurement attempts using the 
second reflective-doppler flowmeter, 19 were 
successful. The majority of failures were 
attributed to the difficulty that the 
reflective-doppler flowmeter exhibited in 
measuring flows that lacked sufficient 
particulates or air bubbles. Most of the sites in 
this study had nonparticulate flow. At sites 
where that reflective-doppler flowmeter was 
successful, no inline-flowmeter measurements 
were available for comparison.

During this study, the vibration time 
totalizers functioned well in the field. The 
instrument exhibited no adverse effects from 
the heat, precipitation, and humidity commonly 
associated with Indiana summers; however, 
observations at one site demonstrated that 
vibration time totalizers should be installed 
where vibration levels exceed the activation 
threshold during all times of pump operation. At 
one site where inductive time-totalizer 
measurements were available for comparison, 
the vibration time-totalizer measurements 
agreed with the inductive measurements within 
8 hours after 2,340 hours of pump operation.

On the basis of observations made during 
this study, portable, noninvasive flowmeters 
and time totalizers currently available can be 
used successfully under a variety of field 
conditions. Use of these technologies is feasible 
for determining water use in Indiana.
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r
l
y
 
s
t
e
a
d
y
.
 

C
O
M
M
E
N
T
:
 

A
l
t
h
o
u
g
h
 
t
h
e
r
e
 
is

 
no
 
p
r
a
c
t
i
c
a
l
 
w
a
y
 
to

 
i
n
s
p
e
c
t
 
i
n
s
i
d
e
 
of

 
p
i
p
e
.

p
o
s
s
i
b
l
e
 
b
u
i
l
d
u
p
 
of
 
c
a
l
c
i
u
m
 
c
a
r
b
o
n
a
t
e
 
is

 
p
r
o
b
a
b
l
e
 
c
a
u
s
e
 
f
o
r

t
w
o
 
of

 
t
h
e
 
f
l
o
w
m
e
t
e
r
s
 
to

 
f
a
i
l
.

F
l
o
w
 
m
e
a
s
u
r
e
m
e
n
t

D
a
t
e
 

(
m
o
n
t
h
-
d
a
y
)

In
 1
i 
ne

U
n
i
f
l
o
w

C
o
r
r
 
FM

H
y
d
r
a

S
p
e
c
t
 r
a

5
-
3
0

4
7
5

f
a
i
l
e
d

no
 
a
t
t
e
m
p
t

f
a
i
l
e
d

S
i
t
e
 
n
u
m
b
e
r
 
8.

L
I
M
E
S
T
O
N
E
 
Q
U
A
R
R
Y
 
# 

2,
 
S
I
T
E
 
B.

M
i
n
i
n
g
.
 

S
u
r
f
a
c
e
 
w
a
t
e
r
 
p
u
m
p
e
d
 
f
r
o
m
 
s
u
m
p
 
pi
t 

f
o
r
 
d
e
w
a
t
e
r
i
n
g
.

W
o
u
n
d
 
s
t
e
e
l
 
p
i
p
e
.
 

H
o
r
i
z
o
n
t
a
l
 
w
i
t
h
 
s
l
i
g
h
t
 
r
i
s
e
.
 
F
l
o
w
 
up
.

1
1
.
7
2
-
i
n
c
h
 
ID

. 
0
.
1
5
3
-
i
n
c
h
 
wa
ll
 
t
h
i
c
k
n
e
s
s
.

M
O
U
N
T
E
D
:
 

U
n
i
f
l
o
w
 
m
o
u
n
t
e
d
 
a
b
o
u
t
 
20

 
f
e
e
t
 
D
S
 
of

 
u
n
i
o
n
,
 
a
n
d
 
o
t
h
e
r
 
m
e
t
e
r
s
 
a
t
t
e
m
p
t
e
d

at
 
s
e
v
e
r
a
l
 
l
o
c
a
t
i
o
n
s
.

T
w
o
 
e
l
e
c
t
r
i
c
 
p
u
m
p
s
 
r
u
n
n
i
n
g
 
s
i
m
u
l
t
a
n
e
o
u
s
l
y
,
 
p
u
s
h
i
n
g
 
w
a
t
e
r
 
t
h
r
o
u
g
h
 
t
h
e
 
s
i
n
g
l
e
 
p
i
p
e
.
 

F
l
o
w
 
s
h
o
u
l
d
 
be

 
f
a
i
r
l
y
 
s
t
e
a
d
y
.
 

C
O
M
M
E
N
T
:
 

A
l
t
h
o
u
g
h
 
t
h
e
r
e
 
is

 
n
o
 
p
r
a
c
t
i
c
a
l
 
w
a
y
 
to
 
i
n
s
p
e
c
t
 
i
n
s
i
d
e
 
of
 
p
i
p
e
,

p
o
s
s
i
b
l
e
 
b
u
i
l
d
u
p
 
of
 
c
a
l
c
i
u
m
 
c
a
r
b
o
n
a
t
e
 
is

 
p
r
o
b
a
b
l
e
 
c
a
u
s
e
 
f
o
r

t
w
o
 
of
 
t
h
e
 
f
l
o
w
m
e
t
e
r
s
 
to

 
f
a
i
l
.

F
l
o
w
 
m
e
a
s
u
r
e
m
e
n
t

D
a
t
e
 

(
m
o
n
t
h
-
d
a
y
)

I
n
l
i
n
e

U
n
i
f
l
o
w

C
o
r
r
 
F
M

H
y
d
r
a

S
p
e
c
t
 r
a

6
-
2

10
67
, 

1
1
0
0

f
a
i
l
e
d

n
o
 
a
t
t
e
m
p
t

f
a
i
l
e
d
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d

Si
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n
u
m
b
e
r
 
9.

C
O
A
L
 
M
I
N
E
 
# 

1,
 
S
I
T
E
 
A 

(
C
O
A
L
 
S
L
U
R
R
Y
)
.

M
i
n
i
n
g
.
 

T
h
i
s
 
c
o
a
l
 
s
l
u
r
r
y
 
c
o
n
t
a
i
n
i
n
g
 
a
b
o
u
t
 
1
0
-
p
e
r
c
e
n
t
 
f
i
n
e
s
 
is
 
p
u
m
p
e
d
 
f
r
o
m
 
w
a
s
h
i
n
g
 
ar
ea
,

P
o
l
y
e
t
h
y
l
e
n
e
 
pi

pe
, 

li
es

 
on

 
g
r
o
u
n
d
,
 
s
o
m
e
w
h
a
t
 
h
o
r
i
z
o
n
t
a
l
.
 

Ma
ny

 
g
r
a
d
u
a
l
 
b
e
n
d
s
 
in
 
pi
pe
.

1
2
.
1
-
i
n
c
h
 
ID
. 

1
.
0
-
i
n
c
h
 
wa
ll
 
t
h
i
c
k
n
e
s
s
.

M
O
U
N
T
E
D
:
 

Al
l 

f
l
o
w
m
e
t
e
r
s
 
m
o
u
n
t
e
d
 
se
ve
ra
l 

h
u
n
d
r
e
d
 
fe
et
 
f
r
o
m
 
an
y 

s
h
a
r
p
 
e
l
b
o
w
s
.

Fl
ow

 
v
e
r
y
 
u
n
s
t
e
a
d
y
,
 
du
e 
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m
a
n
y
 
r
e
a
s
o
n
s
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f
r
i
c
t
i
o
n
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pi

pe
, 

an
d 

so
 
fo

rt
h.

Du
e 
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u
n
s
t
e
a
d
y
 
fl

ow
, 

d
i
r
e
c
t
 
c
o
m
p
a
r
i
s
o
n
s
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fl
ow
 
r
e
a
d
i
n
g
s
 
s
h
o
u
l
d
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.
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e 

S
p
e
c
t
r
a
 
m
e
a
s
u
r
e
d
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m
u
c
h
 
s
m
a
l
l
e
r
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ow
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c
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r 
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m
e
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r
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b
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n
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l
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c
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w
e
r
 
m
o
v
i
n
g
 
s
u
s
p
e
n
d
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d
 
p
a
r
t
i
c
l
e
s
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a
r
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a
i
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to
 
p
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t
r
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f
a
s
t
e
r
 
m
o
v
i
n
g
 
f
l
u
i
d
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c
e
n
t
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r
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.
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s
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(
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n
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f
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3
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3
5
2
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3
4
1
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3
6
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3
6
7
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3
6
0
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.
 

3
5
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r

4
0
0
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3
6
0
9
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3
5
8
8
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M

3
9
6
4
 

3
5
8
6
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y
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t
e
m
p
t
 

3
5
8
7
,
 
3
6
5
9

S
p
e
c
t
r
a

1
7
0
0
 

2
3
1
0
,
 
2
6
7
0

S
i
t
e
 
n
u
m
b
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r
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.
C
O
A
L
 
M
I
N
E
 
# 

1,
 
S
I
T
E
 
B.

M
i
n
i
n
g
.
 

S
u
r
f
a
c
e
 
w
a
t
e
r
 
is

 
p
u
m
p
e
d
 
f
r
o
m
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ke
 
an

d 
p
i
p
e
d
 
to
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ne
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r 

w
a
s
h
i
n
g
,
 
a
n
d
 
so
 
fo
rt
h.
 

St
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l 
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, 

h
o
r
i
z
o
n
t
a
l
.

1
5
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4
-
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n
c
h
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. 

0
.
3
2
-
i
n
c
h
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ll
 
t
h
i
c
k
n
e
s
s
.
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O
U
N
T
E
D
:
 

U
n
i
f
l
o
w
 
m
o
u
n
t
e
d
 
a
b
o
u
t
 
90
 
fe

et
 
DS
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pu

mp
. 

C
r
o
s
s
 
C
o
r
r
e
l
a
t
i
o
n
 
f
l
o
w
m
e
t
e
r
 
m
o
u
n
t
e
d
 

ab
ou

t 
90

 
fe
et
 
DS
 
of

 
p
u
m
p
 
on

 
5-

31
, 

a
n
d
 
56

 
in

ch
es

 
DS

 
of
 
p
u
m
p
 
on
 
7-

25
. 

O
t
h
e
r
 
m
e
t
e
r
s
 
a
t
t
e
m
p
t
e
d
 
at

 
se
ve
ra
l 

l
o
c
a
t
i
o
n
s
.
 

No
 
b
e
n
d
s
 
in

 
p
i
p
e
 
b
e
t
w
e
e
n
 

p
u
m
p
 
an

d 
m
e
a
s
u
r
i
n
g
 
s
e
c
t
i
o
n
s
.
 

35
0 

HP
 
e
l
e
c
t
r
i
c
 
pu

mp
.

FL
OW
: 

Si
te

 
m
a
n
a
g
e
r
 
e
x
p
e
c
t
s
 
a
b
o
u
t
 
3
,
6
0
0
 
g
a
l
l
o
n
s
 
pe
r 

m
i
n
u
t
e
,
 
b
a
s
e
d
 
on

 
g
e
n
e
r
a
l
 
c
o
n
v
e
r
s
a
t
i
o
n
 
at

 
si

te
, 

F
l
o
w
 
f
a
i
r
l
y
 
st
ea
dy
.

Fl
ow
 
m
e
a
s
u
r
e
m
e
n
t

S

D
a
t
e
 

(
m
o
n
t
h
-
d
a
y
)

5-
31

 

7-
25
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 1 
in

e
U
n
i
f
l
o
w

3
7
0
0
 

36
70

, 
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C
o
r
r
 
F
M

4
3
3
0
 

4
0
6
8
,
 
4
2
6
5

H
y
d
r
a

no
 
a
t
t
e
m
p
t
 

4
8
1
2
,
 
4
7
8
3

S
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e
c
t
r
a
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i 
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i 
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.
C
O
A
L
 
M
I
N
E
 
# 

1,
 
S
I
T
E
 
C.

M
i
n
i
n
g
.
 

T
h
i
s
 
e
l
e
c
t
r
i
c
-
s
u
b
m
e
r
s
i
b
l
e
 
p
u
m
p
 
w
a
s
 
i
n
s
t
a
l
l
e
d
 
to
 
w
i
t
h
d
r
a
w
 
g
r
o
u
n
d
 
w
a
t
e
r
 
b
e
f
o
r
e
 

it
 
r
e
a
c
h
e
s
 
t
h
e
 
a
c
t
i
v
e
 
m
i
n
i
n
g
 
pi
t.

T
h
i
s
 
p
u
m
p
 
p
u
s
h
e
s
 
g
r
o
u
n
d
 
w
a
t
e
r
 
t
h
r
o
u
g
h
 
3
.
5
-
i
n
c
h
 
ID
, 

p
o
l
y
e
t
h
y
l
e
n
e
 
p
i
p
e
 
a 

d
i
s
t
a
n
c
e
 
of

 
10
0 

f
e
e
t
 
at

 
a 

4
5
-
d
e
g
r
e
e
 
a
n
g
l
e
 
to

 
s
u
r
f
a
c
e
.
 

At
 
s
u
r
f
a
c
e
,
 
a
f
t
e
r
 
a 

4
5
-
d
e
g
r
e
e
 
e
l
b
o
w
,
 

w
a
t
e
r
 
t
r
a
v
e
l
s
 
h
o
r
i
z
o
n
t
a
l
l
y
 
a
b
o
u
t
 
50
 
f
e
e
t
 
t
h
r
o
u
g
h
 
a 

3
.
5
-
i
n
c
h
 
ID

, 
b
l
a
c
k
 
p
o
l
y
e
t
h
y
l
e
n
e
 

p
i
p
e
,
 
w
h
i
c
h
 
t
h
e
n
 
c
o
n
n
e
c
t
s
 
to
 
a 

5
.
8
7
-
i
n
c
h
 
ID

, 
s
t
e
e
l
 
p
i
p
e
,
 
a
n
d
 
f
i
n
a
l
l
y
 

c
o
n
n
e
c
t
s
 
to

 
a 

7
.
0
9
-
i
n
c
h
 
p
o
l
y
e
t
h
y
l
e
n
e
 
p
i
p
e
.
 

W
a
t
e
r
 
is
 
p
u
s
h
e
d

s
e
v
e
r
a
l
 
h
u
n
d
r
e
d
 
f
e
e
t
 
o
v
e
r
 
a 

hi
ll
 
a
n
d
 
d
o
w
n
 
i
n
t
o
 
a 

c
r
e
e
k
.
 

A
l
t
h
o
u
g
h
 
m
e
a
s
u
r
e
m
e
n
t
s
 

w
e
r
e
 
m
a
d
e
 
o
n
 
t
h
e
 
d
i
f
f
e
r
e
n
t
 
p
i
e
c
e
s
 
of

 
p
i
p
e
,
 
o
n
 
a 

g
i
v
e
n
 
d
a
y
 
t
h
e
 
f
l
o
w
 
r
a
t
e
 

s
h
o
u
l
d
 
be

 
t
h
e
 
s
a
m
e
.

M
O
U
N
T
E
D
:
 

O
n
 
al
l 

t
h
r
e
e
 
p
i
p
e
 
s
e
c
t
i
o
n
s
,
 
t
h
e
 
U
n
i
f
l
o
w
 
w
a
s
 
m
o
u
n
t
e
d
 
s
e
v
e
r
a
l
 
f
e
e
t
 
D
S
 
of

 
a
n
y
 
t
u
r
b
u
l
e
n
t
-
c
a
u
s
i
n
g
 
f
i
x
t
u
r
e
s
,
 
a
n
d
 
th

e 
C
r
o
s
s
 
C
o
r
r
e
l
a
t
i
o
n
 
F
l
o
w
m
e
t
e
r
 
w
a
s
 

m
o
u
n
t
e
d
 
j
u
s
t
 
d
o
w
n
s
t
r
e
a
m
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u
n
i
o
n
s
 
or
 
e
l
b
o
w
s
.
 

T
h
e
 
o
t
h
e
r
 
m
e
t
e
r
s
 
w
e
r
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a
t
t
e
m
p
t
e
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s
e
v
e
r
a
l
 
l
o
c
a
t
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.
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P
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p
e
c
t
r
a
 

1 
1 

1

| 
2
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a
i
l
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1
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1
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.
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